Statin therapy is associated with important benefits for patients at risk of, and with, established cardiovascular disease. There is widespread interest in whether intensive dosing of statins yields larger treatment effects. We aimed to determine if intensive dosing is clinically important using a meta-analysis of randomized clinical trials (RCTs).
Introduction
HMG-CoA reductase inhibitors (statins) are currently the largest selling prescription drug worldwide and may one day be widely available over-the-counter (OTC), 1 with a 10 mg tablet of simvastatin already on sale OTC in the UK. Used predominantly for cardiovascular disease (CVD) protection, there is widespread evidence that statins provide protection across a wide range of populations with varying risk factors. 2 -4 Given the broad populations that statins have been evaluated in, statins have typically been compared with placebo or commonly used care control groups. 5 More recently, there has been an increased focus on the potential that intensive lipid lowering with higher statin doses may have important therapeutic benefits over commonly used doses. 6 Large randomized clinical trials (RCTs) have now evaluated varying doses of intensive statins compared with moderate or lower doses. 7 Clinicians have recognized that much of a statin's therapeutic effect is predominantly derived from its low-density lipoprotein (LDL) lowering effects. 2 As a result, there has been much discussion within the cardiovascular community about providing intensive, or higher, dosing of statins to achieve an increased reduction in LDL, and subsequent clinical events. 8 -10 The evidence of this is mostly indirect. 11 Five previous meta-analyses have been completed, the last in 2010, including up to seven trials on clinical endpoints. 7,12 -15 Further RCTs are now available for the analysis. 16, 17 We aimed to summarize the available data and determine whether intensive statin dosing offers more favourable outcomes to patients at risk of CVD events.
Methods Eligibility criteria
We included any RCT of atorvastatin, fluvastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin, and simvastatin for CVD therapeutic effects, as determined by the Canadian Compendium of Pharmaceuticals and Specialties (2009). 18 Studies had to compare a statin of moderate dose with the same or another statin of higher dose and be of .6 months duration. We did not include cerivastatin as it has been withdrawn from the market due to serious adverse events. Studies had to compare a statin to another statin and report on any of the following clinically important cardiovascular outcomes: All-cause mortality; CVD mortality; coronary heart disease (CHD) death plus non-fatal myocardial infarction (MI); fatal MI; non-fatal MI; strokes; and non-CVD deaths. We excluded studies reporting only on surrogate outcomes (e.g. LDL and HDL levels) and follow-up studies where randomization had been subverted. 19 We additionally excluded dose-ranging studies that were not head-to-head clinical evaluations.
Search strategy
In consultation with a medical librarian, we established a sensitive search strategy (available from the authors upon request). Our search strategy has been used in numerous published statin evaluations 3 -5,20,21 
Study selection
Two investigators (P.W., E.M.) working independently, in duplicate, scanned all abstracts and obtained the full text reports of records, that indicated or suggested that the study was a RCT evaluating statin therapy on the outcomes of interest. After obtaining full reports of the candidate trials (either in full peer-reviewed publication or press article) the same reviewers independently assessed eligibility from full text papers.
Data collection
The same two reviewers conducted data extraction independently using a standardized pre-piloted form. The reviewers collected information about the statin and type of interventions tested, the population studied (age, sex, underlying conditions), the treatment effect on specified outcomes, absolute and proportion change in LDL, HDL, and total cholesterol and the length of follow-up. Study evaluation included general methodological quality features, including sequence-generation, blinding, use of intent-to-treat analysis, % follow-up and allocation concealment. 34 We extracted data on the incidence of the following clinical outcomes: all-cause mortality; CVD mortality; CHD death plus non-fatal MI (includes any MI); fatal MI; non-fatal MI; fatal and non-fatal strokes; and non-CVD deaths. We also abstracted data on adverse events including increases in aspartate (AST) and alanine (ALT) aminotransferase, creatine kinase (CK) levels beyond normal, and rhabdomyolysis (CK level . 10 000 U/L). We entered the data into an electronic database such that duplicate entries existed for each study; when the two entries did not match, we resolved differences through discussion and consensus.
Data analysis
In order to assess inter-rater reliability on inclusion of articles, we calculated the Phi(f) statistic, which provides a measure of inter-observer agreement independent of chance. 35 We calculated the relative risk (RR) and appropriate 95% confidence intervals (CIs) of outcomes according to the number of events reported in the original studies or sub-studies on an intent-to-treat basis. We pooled studies as an analysis of all-statins combined using the DerSimonian -Laird random effects method, 36 which recognizes and anchors studies as a sample of all potential studies, and incorporates an additional between-study component to the estimate of variability. 37 We also conducted an optimal information size analysis to determine the strength of information for our meta-analysis on the primary outcome of CVD death and CHD plus non-fatal MI to determine the conservative number of patients required to provide an authoritative answer of therapeutic efficacy. 38 Some argue that the reliability of the evidence in a meta-analysis should only be established in rigorous decision-making frameworks similar to those of Data Safety Monitoring Boards for single RCTs. The concatenation of meta-analysis, and formal monitoring boundaries (or stopping rules), such as the Lan -DeMets alpha-spending monitoring boundary is analogous to group sequential analysis in single RCTs. 39, 40 For the outcome of CV death, we conducted a random effects cumulative meta-analysis assessing the effect of high-vs. low-dose statin therapy on cardiovascular mortality risk. The Lan-DeMets sequential monitoring boundary assumes a 5.5% control event rate, 20% RR reduction, 80% power, and a two-sided a ¼ 0.01. For the outcome of CHD plus non-fatal MI, the LanDeMets sequential monitoring boundary assumes a 7.0% control event rate, a 20% RR reduction, 80% power, and a two-sided a ¼ 0.01). We conducted a subgroup analysis examining acute coronary syndrome patients as this population has higher event rates and also pleiotropic effects of statins may be more relevant than in stable patients. 41 We calculated numbers needed to treat for the outcome of CHD death plus non-fatal MI across secondary prevention populations and CVD death for acute coronary syndrome patients using Results Figure 1 displays the flow diagram of study inclusion. We excluded two studies that we inferred as non-intense vs. moderate dosing. 43, 44 Two studies was published during peer review and included. 16, 31 Additional data on one these, the SEARCH trial, were available in unpublished format. 45 In total, we identified 10
RCTs enrolling a total of 20 919 patients into intensive statin dosages and 20 859 in moderate and lower dosages. The interrater reliability for study inclusion was very good (f ¼ .0.9). 
Mortality
We included data from all 10 trials on incidence of all-cause mortality. 6,16,17,31 -33,46 -49 Our pooled analysis found a nonsignificant trend towards decreased mortality (1791 vs. 1853 deaths, RR 0.92, 95% CI, 0.83-1.03, P ¼ 0.14, I 2 ¼ 38%, see Figure 2 ). The majority of deaths that occurred were CV deaths. We pooled data from seven RCTs reporting CV deaths and found a non-significant effect (1012 vs. 1086 deaths, RR 0.89, 95% CI, 0.78-1.01, P ¼ 0.07, I 2 ¼ 34%, see Figure 3 ) on CVD mortality. 6 Figure S1 ). Figure   S3 ). We did not find a significant increase in risk of CK beyond normal (203 vs. 100, RR 2.86, 95% CI, 2.02-4.04, P ≤ 0.001), only reported in four trials. 6, 16, 31, 46 However, in one trial with highdose simvastatin, CK increases in 10 times the upper limit of normal associated with myopathy were more common with simvastatin 80 mg than simvastatin 40 mg (nine vs. one) 46 and in one trial of atorvastatin 80 mg, CK increases in two times the normal limit associated with myopathy required discontinuation of the drug in two patients. 16 
Optimal information size
We calculated the post hoc optimal information size based on seven RCTs addressing CV death that assesses whether a sufficient number of events have accrued to provide conclusive evidence. 6 ,16,31,46 -49 For CV deaths the cumulative evidence is still inconclusive regarding this outcome as a further 4000 patients at similar risk would need to be randomized. When we examined the outcome of CHD plus non-fatal MI with data from nine RCTs, we note that the evidence for CHD plus non-fatal MI reduction is conclusive at the 80% power level.
Discussion
Our study found that intensive dosing of statins results in important reductions in non-fatal events, including the composite of CHD death plus non-fatal MI and the composite of fatal and nonfatal strokes, in addition to non-fatal MIs alone. These benefits did not appear to result in significantly reduced mortality for secondary prevention populations, although the direction of treatment effect is almost consistently towards a benefit. We found an increase in liver enzyme increases beyond normal associated with intensive dosing in addition to possible important increases in CK associated with rhabdomylosis. The SEARCH trial has examined the genotypic risks that may predict statin-induced myopathy, a major step forward for patient-guided treatment. 50 Within a subgroup of acute coronary syndrome patients, intensive statin use was associated with a reduced risk of all-cause and CVD mortality. On balance, intensive dosing of statins appears to offer benefits to patients and should be considered in light of patient history and profile and possible adverse consequences. There are strengths and limitations to consider in our analysis. We extensively searched the literature and clarified our data abstraction with study authors. We identified trials prior to their publication (published during peer review of this article). 31 We updated the results of previous meta-analyses 6, 7, 13, 14 and included additional RCTs. We applied the optimal information size and found that conclusive evidence for the benefit of CHD plus non- A -Z, Aggrastat and Zocar; IDEAL, incremental decrease in events through aggressive lipid lowering; PROVE-IT TIMI, pravastatin or atorvastatin evaluation and infection therapy -thrombolysis in myocardial infarction 22; REVERSAL, reversal of atherosclerosis with aggressive lipid lowering; SAGE, study assessing goals in the elderly; SEARCH, study of the effectiveness of additional reductions in cholesterol and homocysteine; TNT, treating to new targets; vascular basis, Vascular Basis for the Treatment of Myocardial Ischaemia Study.
fatal MI risk reductions is robust, but that the impact of intensive dosing on any cause of mortality was less so. Limitations of our analysis include that we are employing study level data and an individual patient data may provide stronger inferences on the LDL lowering effects of intensive vs. moderate dosing. The Cholesterol Treatment Trialists Collaboration (CTTC) 2 have updated their analysis with the addition of the SEARCH trial and found a significant association between LDL reduction and vascular events, data unavailable through publications. 7 A limitation associated with any meta-analysis is the conclusiveness of an analysis, based on the adequacy of events. Our analysis used event rates at the conclusion of each trial and did not adjust for time effects, as a meta-analysis using time-to-event data may permit. In our analysis, we considered statins as a class of drugs, expecting that each drug exerts a similar therapeutic effect. We previously examined this in statin vs. placebo trials. 51 It is possible that there are differing effects between statins when using intensive dosing. Several of the trials did not report the component endpoints in the individual trials, leaving some of our analyses underpowered. An analysis that examined the impact of unreported outcomes on summary estimates from Cochrane reviews found overestimation of summary estimates when outcomes were inadequately contributing to the analysis. 52 It is likely that in some of our analyses, we are also experiencing bias, but cannot infer the direction of that bias. Our analysis of CVD mortality is inconclusive, according to the trial sequential analysis, and has comparatively wide confidence intervals for this major endpoint, and demonstrates that data on a further 4000 randomized patients would be needed to provide robust evidence. Our analysis only examined statins and therefore did not examine whether there is any benefit in using other agents (nicotinic acid, fibrates, ezetimibe) as add-on treatments to a statin to achieve additional LDL-C lowering and possible reduction in events.
Our analysis should be interpreted in the context of previous meta-analyses. Five previous meta-analyses have aimed to determine the effectiveness of intensive vs. moderate dosing. 7,12 -15 We have added two additional studies. Regardless, our study is in keeping with previous analysis findings of no significant reduction in mortality although there seems a favourable trend for intensive dosing of statins. A recent individual patient data meta-analysis by Murphy et al. found a significant decrease in acute coronary patient mortality when combining the PROVE-IT and the A -Z trials involving patients with acute coronary syndrome (0.77, 95% CI, 0.63 -0.95, P ¼ 0.015). 53 We also conducted an analysis of exclusively acute coronary syndrome patients, involving three RCTs, and found a significant reduction both all-cause and CVD mortality. 6, 16, 46 Event rates are higher in the short period after an acute coronary syndrome than more stable disease. 54 It is possible that the effect detected is because acute coronary syndrome trials have better power, due to larger event rates, than secondary prevention trials. It is also possible that pleiotropic effects of statins might be more relevant in acute coronary syndrome than in stable disease. 54 Clinicians should take note that our analysis found important reductions in non-fatal events and may not translate to reduced mortality. Along with this finding is the increased risk of adverse events associated with hepatic enzyme elevations and possible liver damage. However, a longitudinal analysis of the Greek Atorvastatin and Coronary Heart Disease Evaluation (GREACE) Study evaluated long-term outcomes of those randomized to moderate dose atorvastatin vs. placebo and found more favourable liver outcomes in statin than placebo patients. 55 One of our most concerning findings was an increased risk for rhabdomyolysis associated with intensive simvastatin dosing in the A -Z trial 46 and also in the SEARCH trial. 31 Given that this is a relatively rare event and was inadequately reported across trials, this provides an early inference to continually examine for serious myopathy associated with intensive dosing. While many physicians consider all statins to be the same, compelling evidence of differential adverse events associated with the now withdrawn statin, cerivastatin, suggest that not all statins may have the same therapeutic or adverse event profiles. Notably, the evidence for cerivastatin harms was drawn from postmarketing surveillance. 56 Physicians suspicious of myopathy should consider CK measurements, statin dosage reduction, discontinuation, and rechallenge; and treatment alternatives, such as extended-release fluvastatin, low-dose, or alternate-day rosuvastatin. 57 There is considerable interest in combining statin therapy with emerging drug developments. The problem with current combination therapies involving, for example, simvastatin and ezetimibe or statins with fibrates is that, although they are likely to improve reductions in LDL-targets, the results from only a few clinical trials have yielded consistently disappointing results in terms of major clinical endpoints. More evidence on this is expected with ongoing RCTs. 58 In conclusion, our study found no significant improvement in mortality associated with intensive statin use, but did find a reduction in non-fatal events. In a subgroup of acute coronary syndrome patients, intensive dosing reduced mortality. For patients at sufficient risk for a cardiovascular event, the decision on which agent to use and at what dose remains one to be agreed jointly between the patient and the treating physician after a discussion on relative benefits and risks.
Supplementary material
Supplementary material is available at European Heart Journal online. Figure 4 Forest plot of coronary heart disease death plus non-fatal MI. Yu et al. reported zero events in both arms and therefore did not contribute to this analysis.
